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ABSTRACT 

G Protein-coupled receptors (GPCRs) represent one of the most important target classes for drug discovery. Var- 
ious assay formats are currently applied to screen large compound libraries for agonists or antagonists. However, 
the development of nonradioactive, miniaturizablc assays that are compatible with the requirements of ultra -high 
throughput screening (uHTS) has so far been slow. In this report we describe homogeneous fluorescence-based 
binding assays that are highly amenable to miniaturization. Fluorescence intensity distribution analysis (FIDA) is 
a single-molecule detection method that is sensitive to brightness changes of individual particles, such as those in- 
duced by binding of fl uorescent li g ands to m embrane part teles with multiple receptor sites. Aa a confocal detection 
technology, FIDA inherently allows reduction of the assay volume to the microliter range and below without any 
losi" f"signaI^Binding and "displacement experiments arc demonstrated for various types of GPCRs, such as 
chomokine, peptide hormone, or small-molecule ligand receptors, demonstrating the broad applicability of this 
method. The results correlate quantitatively with radioligand binding data. Wc compare FIDA with fluorescence 
anisotropy (FA), which Is based on changes of molecular rotation rates upon binding of fluorescent ligands to mem- 
branes. While FA requires a higher degree of binding, FIDA is ~s7n^itivc~dbw"n to lower levels of receptor expres- 
sion. Both methods are, within these boundary conditions, applicable to uHTS- 



„ INTRODUCTION - 

G protein— coupled R£CEPTOos (GPCRs) sense extracellular 
signals such as hormones and biogenic amines and trans- 
mit the signal into the cell by interacting with hcterotrimeric G 
proteins^ 1 GPCRs are involved in a wide range of signaling 
pathways, and play a role in a variety of disease states. In ad- 
dition, the ligand binding sites of GPCRs arc exposed extra- 
cellularly and therefore readily available for interaction with 
drugs (c.f. intracellular targets such as kinases). These charac- 
teristics make GPCRs one of the most important classes of ther- 
apeutic targets for drug discovery, as prcven by the historical 
success of drugs that modulate receptor activity. Moreover, ge- 
nomic approaches have allowed the identification of many new 
members of this class (so-called orphan rrceptors), which arc 
providing a rich source of new targets for potential therapeutic 
intervention. Hence, major screening efforts are being under 



taken to identify ligands for such receptors and to search for 
novel antagonists or agonists. 2 

However, GPCRs present considerable challenges for screen- 
ing, particularly with respect to the overall goals of miniatur- 
izing and simplifying assay formats and increasing throughput. 
Tligh throughput screening (HTS Compatible functional assays 
are required for ligand identification (so-called ligand fishing 2 ) 
or agonist screening, and in this area considerable advances 
have been made, particularly using measurements of intra- 
cellular Ca 2+ mobilization 3,4 or reporter gene technology. 3 In 
contrast, binding assays arc generally preferred for antagonist- 
directed HTS or for structure-activity relationship (SAR) 
screening of drug candidates, because this approach produees 
more quantitative information on the thermodynamics of com- 
pound binding. However, in this case, expression of sufficient 
level of receptor to allow the development of robust binding 
assays can be difficult. 
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As integral membrane proteins, GPCRs can only be purified 
after solubiliiring the membrane, and biological assays normally 
require- rcconstituiion of a lipid-beund form. Because expres- 
sion purification, and reconstimtion of reagent quantiues of re- 
ceptors in a reproducible manner is difficult, membrane frac- 
tions with a rccepior density of typically less than 0.1% of total 
protein arc usually employed for Ugand binding assays. While 
homogeneous fluorescence -based miniaturized assay methods 
«rt: well established for soluble targets, 6 "* they arc. more, diffi- 
cult to apply to this type of mcmhranc preparation because of 
the relatively low abundance of the primary target and signif- 
icant background from, for example, light scattering. The most 
common approaches currently used for CPCR binding assays 
employ radiolabeled ligands and either separation-based (i.e., 
filter binding) or homogeneous counting methods. 9 These as- 
says perform adequately in 96- or 384-well plate formats but 
arc very difficult to miniaturize further. Recenlly, a homoge- 
neous fluorcsccncc-bascd approach using laser-scanning imag- 
ing to detect ligand binding to whole cells has been used in 96- 
artd 3S4-wc.ll pi site formats. 1011 In addition, the use of fluo- 
rescence anisotropy has recently been reported for measure- 
ment of binding of fluoro-labclcd ligands to a range of GPCRs, 
albeit not below a total volume of 40 /rl in 384-wcll format. 12 
Clearly, progress in miniaturizing assays fur these targets 
to formats compatible with uHTS (our working definition of 
uHTS, in agreement with the general usage of this term, is St 10 5 
assays performed per 24 h in high-density plates [e.g., 1536- 
well or_low_- volume 384^well plates] and using assay volumes 

of £10 nas far bcen sIow * 111 Ms P 0 ^* we dcrnon_ , 
"strate" miniawruca nm^gWeous fiuorescence-based CPCR li~ ^ 
gand binding assays based on fluorescence intensity distribu- 
tion analysis (F1DA) in comparison with the more conventional 
macroscopic fluorescence technique of fluorescence anisotropy 
(FA). The resultant assays are highly amenable to miniamriza- 
tion (FID A down to 1-^1 and FA to 10-/I.I assay volumes) and 

well suited to uHTS. _ t 

FIDA has recently been developed as a confocal detecuon 
method that allows the determination of concentrations and spe- 
cific brightness-values of individual fluorescent species in a 
mixture. 1314 Similar to fluorescence correlation spectroscopy 
(FCS). FIDA is based on the detecuon of temporal fluctuations 
of emitted light from a small confocal volume (- 10 13 L) that, 
at n anom olar tracer concentrations^conlains on average only a 
"few fluorescent particlesT Ffuorophores passing through the de- 
tection volume cause bursts of fluorescence. The duration of 
these bursts reflects the diffusion time (and therefore the mass) 
of Lhe fluorescent panicles, while the amplitude of the photon 
bursts contains information about the brightness of individual 
particles. Analysis of the timc-dcpcndcnt behavior of the fluo- 
rescence fluctuations by calculating autocorrelation functions 
allows analytical determination of the diffusion characteristics 
and concentration of fluorescent particles, which is the ba-sis 
for mass-dependent FCS assays.*" 8 - 15 In comparison, analysis 
of the amplitude information in the fluctuation signal can be 
used to determine the molecular brightness and concentration 
of fluorescent particles for mass-independent hut brightnc**- 
dependent FIDA assays. FCS and FIDA therefore use the same 
primary data (fluorescence intensity fluctuations) but provide 
complementary information about the sample analytcs. Both 
HDA and FCS arc uilriiisieally highly amenable to miiiiulur- 



RUDIGER ET AL. 

izauon because die signal output is independent of the total as- 
say volume. 6,7 

FIDA enn be used to configure biochemical a/ways if the flu- 
orescent analyte undergoes a change of brightness. The bright- 
ness of particles independently diffusing through the detection 
volume can be affected in two ways: (1) an individual flue- 
rophore may be subject to chemical reactions, quenching, or other 
environmental effects influencing its specific brightness; or (2) 
the. number of fluorophorcs hound tr> a single particle may 
change. An example wherein both effects are observed has beea 
discussed by Kaask ct al. 13 Examples of the latter type of bright- 
ness changes arc beads or membrane vesicles with multiple re- 
ceptor sites that allow accumulation of muluple fluorescent li- 
gands binding to a single diffusing panicle. 23 As an applicaiion 
of FIDA based on this principle, we describe herein the config- 
uration of homogeneous FIDA binding assays for GPCRs. (Bead- 
based applications will be described in a subsequent report.) FA 
can also be used to detect the binding of low-molecular-weight 
fluoro-ligands to membrane bound receptors based upon differ- 
ences in fluorophore molecular rotation rates. 6 In this paper, we 
compare results obtained from both techniques used to measure 
binding of fluorescent-labeled ligands to a range of GPCRs. 



MATERIALS AND METHODS 

Fluoro- ligands and receptors 

BODIPY^-FL-CGPl2177 was purchased from Molecular 

Probes (Leiden. The Netherlands), and Rhodamine Grern-GRP 
^rr'custdm^yr^csizcd by Research Genetics (Hunts vUle, 
AL). All other fluorescently labeled ligands were prepared in 
the Molecular Interactions & New Assay Technologies group 
at SmithKline Re-echam Pharmaceuticals (Harlow, UK), using 
labeling reagents from Molecular Probes and reaction condi- 
tions as recommended by the manufacturer. Melanin-concen- 
trating hormone (MCH) peptide was purchased from Bachem 
(Merseyside, UK); all other chemicals were from Sigma 
(Dorset, UK). Low-nmleeul ax- weight antagonists were synthe- 
sized at SmithKline Dcccham. Membrane vesicles were pre 
pared by lysine; HEK293 or CI 10 cell lines stably expressing 
the respecuve receptor in hypotonic burTer in a Dounce ho- 
mogenizcr. and two subsequent ccntrifugation steps (10 rain at 
500 gnuut for removing unlysed cells and nuclei, 20 rrun at 
1 00. 000$ ma* to isolate membranes). 

FIDA Measurements 

FIDA measurements were performed on confocal micro- 
scope-based FCS/FIDA readers (either a modified ConfoCor 
[EVOTEC BioSystcms, Hamburg, and Carl Zeiss, Jena, Ger- 
many] or an EVOTEC FCS * plus reader based upon an Olym- 
pus microscope body) using an argon ion laser (488 run line) or 
a helium-neon luscx (543 nrn line) as excitation light sources. 
Read times were 10 s/well. unless stated otherwise. The instru- 
ments were equipped with rapid beam-scanning devices allow- 
ing movement of the detecuon volume within the sample well, 
to eliminate the dependence upon diffusion for sampling of vest- 
cle^/ligands. Tvpically. for a single read time of 10 s. an area of 
0 0° mm 2 was scanned, with the laser beam focused to a spot of 
approximately 0.5 M m radius and the focus adjusted to a height 
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of-1 80 /j.m into the solution. The sampling time for photon count- 
ing set lo 40 /xs. Because the algorithm for evaluating ML) A 
caji uilenne only limited change of coordinates of fluorescent 
particles during the sampling time interval of 40 /zs the scanning 
speed was adjusted to yield an apparent diffusion time of at least 
five counting intervals (200 u.s total), which also is the typical 
diffusion time of i e tram eihylrhcxia mine (TAMRA) molecules in 
a stationary detection volume in the same optical serup as de- 
termined by FCS. For convenience, most measurements were 
performed on glass -bottomed 96-wcIl plates (Whatman Poly- 
fihionics. Maidstone, UK), although, by the nature of the FIDA 
technique, equivalent data are obtained irrespective of assay vol- 
ume. From the primary data (time-dependent fluorescence in- 
tensity trace), the distribution of number of photons detected per 
counting interval was calculated, and these photon counting dis- 
tributions wore analyzed by either inverse transformation with 
regularization (TTR) or multicomponcnt fitting (MCF) using 
FCS**" plus software (EVOTEC BioSy stems), 13 - 23 to yield the 
concentration of bound ligand and the fractional binding. 

Fluorescence ani sot ropy measurement 

FA measure men! s were pcrforrncd on an Acquest™ plate 
reader (UL DioSystcms. Sunnyvale, CA) using black 1536- 
wcll plates (Grciner. UK) or low-volume 384-HE plates (LTL 
Biosystems, Surrey, UK). Filrers used for measuring TAMRA 
labels were 530(25)/580(10)-nm bandpass filters fur excitation/ 
emission, and a dichroic filter with cutoff at 561 nin. All mea- 
surements were calculated as anisouopy (A) instead of the his- 
torical ly-morc-widcly uscdpolarization-(£) -bccausc-in-two^(or-— 
more) com ponent 5yhtt;iaN-Uie^ubbeLvctl-ttiiisoUupy_.is> ifiinply_ 
the sum of the anisotropics of ihdivi dual components weighted 
by their brightness values, whereas for polarization the relation 
is more complicated. 6 Therefore, quantitative analysis of bind 
ing reactions is easier in terms of anisolropy. Anisotropy is cal- 
culated from penpendieular.and pardlte^ ac- 
cording lo A* Upar - h*n>W^r + 2W). and is related 10 
polarization hy A = 2P/(3 - P). 

RESULTS AND DISCUSSION — 

IJgand binding to membrane-bound receptors 
measured by FIDA and FA 

When-fluorejjcently labeled ligands bind to membrane vesi — 
clcs containing GPCRs, very bright particles arc formed as a 
result of the multiple stoichiomctry of ligand binding per par- 
ticle. In a confocal detection mode and at suitable concentra- 
tions, these particles cause large -amplitude bursts in the fluo- 
rescence intensity trace (F (tJ ), which can be examined by 
histogram analysis of the frequency (r% ; ) with which o certain 
number of photons is detected per sampling time. These his- 
tograms have also been termed burst size distributions 16 or pho- 
ton counting histograms. 17 Bright parades arc reflected in P (ttJ 
by a distribution curve extending to high numbers of photons 
per sampling time. As on example. FIDA measurements on 
TAMRA-MCH binding to MCH receptor 18 membranes arc 
shown in Fig. 1A. The control for nonspecific binding (NSD). 
which contained a 1,000-fold excess of unlabeled MCH, shows 
a much .narrower distribution (Fig. 1A). 



Quantitative evaluation of these signals requires a rhcoreti- 
^ cal model to describe P (ni , for which various approaches have 
t been published. 1310 * 17 The model used needs to account ade- 
g quatcly for the noiihuinugciicuus distribution of light intensity 
t {B it) ) wiihin the sample volume. In FIDA, this is done by com- 
1 bining spatial sections of equal B values and modeling the spa- 
i tial brightness function B frJ as a one-dimensional relationship 
between brightness and volume elements, which then can be 
: described by the first three terms of a polynomial representa- 
tion. The three parameters needed to 'characterize this reprc- 
^ sentation of B (r) arc determined by calibration measurements 
on a single species, and here the unbound dye (TAMRA in this 
case) was used. The contribution of a single fluorescent species 
r and a single set of volume elements with a specific B value to 
P lni is then given by a double-poissonian distribution. The first 
i poissonian describes the probability of finding a certain uuni- 
5 bcr of molecules within the volume clement, and the second 
» one describes the probability of detecting a certain number of 
photons per sampling time for a given number of molecules 
with a specific brightness. P (n) could then in principle be cal- 
culated by convolution of all contributions from different flu- 
orescent species and different volume elements. However, in 
' FIDA an alternative method has been realized that simplifies 
this calculation step; introducing the representation of generat- 
ing functions allows the replacement of convolution integrals 
^ by simple spatial integrals, and P fH , may be calculated by adding 
all single contributions of different species. 13 

Using these took to calculate P, nh two methods of data analy- 
" sis have h«tn employed in FIDA 1J :ITR 19 and MCF analysis, 
r — u^^ij^iTRTinerh^rfcCil 

l — with-predefined-brighuiess values^arc determined, employing 
boundary conditions such as nonnegative concentrations arid a 
1 continuous distribution with finite halfwidth of peaks for sin- 
_ gle species. The ITR fitting procedure results in a brightness 
distribution curve generated by the calculated discrete concen- 
■ tration^values (e.g.. for 50 components in the range from 1 to 
5 10.000 kH*. evenly distributed on a logarithmic scale, sec Fig. 
IB). The corresponding fined curve agrees well with the mea- 
sured P fn) (Fig. 1 A). The brightness distribution curve obtained 
for the NSB sample shows only a single peak at low brightness 
representing the free nonbound ligand. whereas, for the total- 
binding curve, components in the high-brightness range are aJs 
found, indicating multiple ligands binding to membrane vesi- 
cles (Fig. IB). Bound and unbound species can easily be dis- 
— criminated according to their brightness, and can be quantified 
a by summation of all concentration values in the range of free 
or vesicle-bound ligand, respectively, which in this example 
yields 29% binding. 

In MCF analysis, in comparison, only a limited number of 
y species (typically two to three) with distinct brightness values 
n are assumed lo represent the brightness distribution in the sara- 
i- pie. As an example, the photon counting histogram obtained 
( - for total binding was analysed by two components reflecting 
tJ free ligand and ligand-stained vesicles, respectively. The fit 
is curve obtained assuming two components is similar to the ITR 
n fit (Fig. 1A). The brightness values and concentrations deter- 
c mined by MCF for the two components result in 33% binding 

). (symbolized as dashed lines in Fig. IB). MCF has been found 
r S to serve as a simple, fast, and robust analysis method to real- 
ize FIDA for screening applications (e.g., analysis time « 1 6 
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photons/At brightness [kHz] 

Figure I. FIDA measurement and data analysis of TAMRA-MCH binding to MCH receptor membrane vesicles. (A) Fhoum count- 
ing histograms for Mf! binding (1 nM TAMRA-MCH. 0.2 mg/ml membranes) and nonspecific binding (NSB) (an identical sample 
plus 1 M M unlabeled MCH). The curve representing total binding has been analyzed by 1TR or MCF (allowing for two components) 
(B) The results of ITR analysis of the. data in A can be visualized as brightness distribution curves showing the number of Hgands ver- 
sus specific brightness of the detected particles. The species found by MCF arc symbolized by dashed lines. For clarity, the ITR curves 
are slightly offset along the v axis. For the total binding sample, ITR analysis gave 29% and MCF 33% binding. 



~~Pcr mcasuremejit .wJth.MCF, whereas ITR can take several sec- 
onds). All quantitative results discussed below have been ob- 
tained by MCF. 

In FA measurements, Hgand binding to membrane-bound re- 
ceptors can be detected as a chan ge in fluor ophnre molecular 

" ""rotation rate*. 61 2 However, if FATis measured on macroscopic 
~ detection systems such as the LJL plate readers, 8 * 20 only an av- 
erage signal output from all fluorophores in the sample is mon- 
itored (i.e., the average fluorescence anisotropy weighted by 
concentrations and brightness values of the components). In 
- "contrast, a microscopic approach such as FIDA enables the di- 
rect and independent determination of the bound and free li- 
gand concentrations in an assay mixture.** 13 For samples as 
measured by FIDA in Figure 1, the corresponding anisotropy 
values are in the range of r « 0.2 (total-binding sample) or r = 
0.1 (NSB sample) (e.g.. Fig. 5D below). Hence, FA allows only 
indirect detection of ligand binding as an increase in overall 
anisotropy and requires a significant proportion of the Hgand 
t be bound in order to generate a signal change, whereas FIDA 
can directly detect a small fraction of bound ligand and is there- 
fore more sensitive and, presumably , robust. 

FIDA binding assays for various CFCR subtypes 

To illustrate the broad utility of the FIDA technique for mea- 
surement of GPCR ligand binding, we constructed assays for 
a range of receptors, representing all the major subtypes of 
GPCR-ligand pairings. Binding constants (K d ) and specific re- 
cepior densities (B m „) were determined by measuring dose- 
response curves for rccepror binding while keeping either li- 



" ganTd~or receptor ^concentration constant- and varying the con- 
centration of the other component. In all cases, specificity cf 
binding has been confirmed by determination of apparent in- 
hibition constants for displacement of the fluoresceiiUy labeled 
Jigond with its unlabeled counterpart and/or low-molccular- 
" weight antagonists. Representative data from these types of 
measurements arc shown in Figure 2 for TAMRA MCH bind- 
in g~to~tKe"MCH receptor. A high signal and low unspecirtc 
binding (5%-10%) resulted in a large signal window. The stan- 
dard deviations shown were determined from repealed readings 
of die same samples and therefore represent the variability of 
the detection method, excluding other sources of variability 
(e.g., pipetting errors). The separation between the signals cor- 
responding to highest and lowest inhibitor concentrations in 
—Figure 2C is characterized by a Z' value 21 of 0.7, demonstrat- 
ing that the precision of FIDA detection is HTS compatible. 

Similar experiments arc shown in Figure 3 for receptor- 
ligand pairs representing various ligand types: proteins (inter- 
lcukin-8 [IL-81; Fig. 3A), peptides (gastrin-rcleasing peptide 
[GRP]: Fig. 3B). and low-rnolccular-wcight ligand* (/^-adren- 
ergic rcceptor/CGP- 12177; Fig. 3C). These examples also rep- 
resent typical approaches to fluorescent labeling of Hgands, 
which is a crucial step for configuring FTDA (or other fluores- 
cence-based) binding assays. For the chemokine IL-8, a mutant 
was expressed with a single unpaired Cys within the C-termi- 
nal sequence, which was labeled with TAMRA-maleimide. For 
GRP, a truncated analog was designed (GRP-K9-27) in which 
a Rhod amine Green-labeled Lys was introduced at the N-ter- 
minus during solid-phase synthesis. The fluorescent ligand of 
the ^-/-odrencrgic receptor has been synthesized by attaching 




33 



1E-3 0.01 0.1 1 0.01 0.1 1 10 1M 01 j 10 1001000 

membrane [mg/ml] total ligand [nM] inhibitor [nM] 



Figure 2. Binding and displacement of TAMRA-labcled MCH to MCH receptor membranes as measured by FED A. (A) Membrane 
titration (at constant ligand concentration = 0.5 nM), resulting in K d — 80 ± 8 ^-g/ml and B inmj — 1.8 ^ 0.05 pmol/rag. (B) Ligand titra- 
tion (at constant membrane concentration = 80 /zg/ml) gives Kd — 0.4 2: 0.05 nM. Binding is measured as the number of bound Uganda 
detected in the confocal volume. (C) Displacement of TAMRA-MCH by unlabeled MCH or low-M r antagonist (ligand concentration 
1 nM. membrane concentration 0.1 mg/m!) resulting in ICso values of 2.8 ± 0.3 nM and 100 ± 9 nM. respectively. 



BODIPY FL via a linker to the antagonist CGP1 2177 . 22 As dc- 
tcrmincd b y FIDA, the BODIPY-lahcled compound showed 
subnanomolar poten cy sim i lar to tha t of unlabeled CGP12177_ 
(data not* shown; sec also ref. 22), ancU when used in anisotiopy- 
assays, resulted in pIQo values consistent with radioligand 
binding data. 12 The hydrophobic character of this ligand causes 
some accumulation in the membrane leading to a higher non- 
spec ific_back ground. than^pbsci^cd_ for chemokine or peptide 



ligands (Fig. 3C). but a specific binding signal could still be 
obtained b y FTP A. These examples under line the broad ap- 



plicability of FIDA to various GPCR and ligand types. 
: ^To^lidate r the suitability of FEDA for HTS and SAR screen- 
ing, inhibition constants for a scries of MCH antagonists were 
determined by FIDA, using displacement of TAMRA-MCH 
(Fig. 4 A). The results were highly comparable to data from a 
standard radioligand filter binding (RLB) assay using iodinated 
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membrane [mg/ml] total ligand [nM] total ligand [nM] 

Fleure 3. FIDA binding curves for a range of 7-transmembranc receptor and ligand types. (A) IL-8 chemokine rece P tor ^M^" 
IL-8 (Kj = 0.3 r 0.03 mg/mL). <B) GRP rcccpior/Rhodamine Green-GRP (K* =* 1,2 ^ 0.2 nM). (O ^-Adrenergic rcccpior/BODlPY 
FI.-CGPI2177 (ICj = 0.6 ^ 0.2 nM). 
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inhibitor [M] pKi by FIDA assay 

Figure 4. Comparison of binding competition data for a range of low-molecular- weight MCH antagonists between FIDA and radi- 
oligand binding. (A) Representative displacement curves for antagonists measured by FIDA. (D) Correlation between pK, values ob- 
tained using either FIDA or radioligand filter binding assays. The three data points at the highest pKi value represent unlabeled MCH. 



MCH, with the average deviation between FIDA and RLB 
results within the range of day-to-day variability observed for 
either assay (Fig. 4B). 

Sensitivity of FIDA and FA for 7-transmembranc 
receptor binding assays 

FIDA and FA were applied to identical samples of MCH re- 
ceptor membranes and TAMRA-labcled MCH. Titration of the 

_mcmbrancrpreparation-:at constant ligandz concentrations .re- 
sulted in comparable dose -response curves when measured by 
either of the methods (Fig. 5 A and SB). However, the data vari- 
ability in the FIDA measurements were smaller, which allowed 
good assay statistics to be obtained at lower fractional ligand 
binding. Moreover, when the ligand was titrated-ai constant re- 
ceptor concentration, only FIDA allowed quantification of the 
bound ligand -and dctcrriunation-CFigr-5G)r whereas thc-FA 
signal decreased at higher ligand concentration as fractional 
binding decreased. This reflects the fact that FIDA allows de- 

~tectioiTof concentrations of individual components, such as 
bound and unbound ligands, differing in their brightness val- 
ues, whereas (macroscopic) FA only measures the overall av- 
erage anisotropy of the mixture of fluors, as discussed above. 
Direct detection of the bound ligand by FIDA-as-a high-bright- 
nesje component in the assay mixture is also crucial for sup- 
pressing interferences caused by compound autofluorescence, 
because compounds ore usually much less bright. In addition, 
the con focal detection volume is less than 200 fim deep into 
the solution, minimising the effects of absorbance of excitation 
and/or emission light by text compounds (i.e., inner- filter ef- 
fect*), and the effects of light scattering. 

The stability of FIDA against autofluorescence and light 
scattering is a particular advantage compared with FA, wherein 
autofluorescence decreases the observed signal (because of the 
low degree of anisotropy from free low-molecular- weight com- 
pounds), whereas light scancring from precipitates of margin- 
ally soluble compounds generally increases observed aniso- 
tropy (because scattered light is fully polarized). These two 
factors, as the net result, usually increase vnrinbility from FA 



measurements in the presence of test compounds, particularly 
when operating close to the limits of this technique (i.e., low 
tracer concentrations or relatively small signal changes). 
Moreover, in FA measurements, light scattering contributions 
from membrane vesicles can also be significant (sec below). 
This problem occurs in FTDA only to a much lesser extent. 

Fractional binding can be determined from FIDA experi- 
ments by measuring the concentrations of both bound and un- 
bound ligand. This can direcily be compared to FA values mea- 
sured on me.samesamplcsXFig.-5D), indicating that the specific 
anisotropy change (i.e., the difference between the signals for 
total binding and NSB) is proportional to fractional binding. 
These data also illustrate the fact that FA can only be applied 
within a certain window of ligand concentrations (here around 
0.5-1 nM at a given receptor concentration), because fractional 
binding decreases at higher concentrations. Therefore, FA as- 
says for GPCR binding require highly sensitive plate readers. 
In addition to detector sensitivity, autofluorescence and light 
scattering from the membrane preparation define the limits of 
applicability for FA. 

From these types of experiments, typical boundary condi- 
tions for statistically useful detection of specific binding (i.e., 
Z' > 0) 21 can be defined: fractional binding of 10% or greater 
-for FIDA and 25% or greater.for FA. and ligand concentrati n 
of 0.1 nM or greater for FIDA and 0.5 nM or greater for FA. 
For robust uHTS, a larger signal separation is required (e.g., 
Z' > 0.4), imposing further restrictions. In FA, the minimum 
ligand concentration is defined by background autofluorescence 
and light scattering caused by the membrane particles, and 
therefore largely depends on the specific density of receptors 
in the membrane. Wiuh a typical ligand concentration of 1 nM, 
a membrane concentration of maximally about 1 mg/ml (total 
protein concentration) can be tolerated, still yielding a suffi- 
cient signahbackground ratio. Typical expression levels (e.g., 
from TTF.K293 cells) may yield 1 pmol receptor/mg membrane 
proLcin, meaning a maximal receptor concentration of 1 nM for 
on FA assay with 1 nM fluorescent ligand. The implications of 
these boundary conditions are plotted in Figure 6. assuming (for 
illustration) a receptor concentration of 1 nM (Fig. 6A), and 
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Figure 5. Comparison of data for binding of TAMRA-MCH to MCH receptor membranes using FIDA and FA. (A and B) Membrane 
titration (at constant ligand concentration = 0.5 nM) for FIDA (A) and FA (B). Specific binding in B is shown as anisotropy change 
(total binding - fitted NSD signal). (C and D) Ligand titration (at constant membrane concentration = 80 M6/ml) FIDA (C) and 
FA (D). D also shows the relationship between the fractional binding determined by FIDA (from the same experiment as shown in C) 
with the overall anisotropy change observed in FA on the same samples. 



K<j » 1 nM (Fig. 6B). A maximum of 75% binding was as- 
su medbecause very highfrac tional binding reduces" the sensi- 
tivity of assays to detect competitive antagonists (because, to 
a first approximation, IC50 = K-,(l + [RJ/Ku)). 6 

Two aspects of Ihe increased working range of FIDA for flu- 
orescence -based GrcR binding-assay s~are~w^ noting. First, — 
high Kd values (e.g., Fig 6A) may be encountered, particularly 
if attachment of fluorescent labels decreases the affinity of the 



natural ligand. Second, the ability to work at lower receptor 
cc^entratibTO"(e7g.T"F^ lines witn 

lower receptor expression (potentially even primary cells), or 
lower concentrations of membranes in order to conserve bio- 
logical reagents. The ability to measure low fractional binding 
by FIDA- may be a crucial advantage for assay configuration, 
particularly because cell lines engineered for measuring func- 
tional responses (e.g., to identify orphan receptor-ligand paix- 
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Figure 6. Example, of calculated boundary condition, for RDA «A FA assoys for ?-«»'™2™ e J^^ffiffcr » 
mated from experiments simitar to that sho*T> in F. R ure 5. Contour lines of constant ^***?*^™^^ K is 
concentration of 1 nM (A) or K< - 1 nM (B). The range where FA .* .ppheable .s uuhc.eU by honieni.l natch, tu ^ , 
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Figure 7. Miniaturization of FTDA and FA assays for 7-transmcmbranc ligand binding. (A) Binding curve for the IL-R receptor us- 
ing TAMRA-IL-8 measured by FIDA. Miniaturization of the assay volume from 40 to 1 jx\ (taken from Ihc same sample) has no ef- 
fect on binding data. (B) Typical FA data in an assuy volume of 10 p\ (1536-well plate), here representing TAMRA-MCH binding to 
MCH receptor membranes, showing slightly higher variability but a sufficient signal separation for screening. (C) The same samples 
as measured by FIDA in A here measured by FA in assay volumes of 5 or 2 p\ (LJL-HE 384 plates) showing that the signal is de- 
grading as the volume is lowered. The FA data are plotted as anisotropy change relative to the anisoirupy of free ligand 



ings) do not always show sufficiently high expression as re- 
~quireli r fdf-FifiFol^ 
FIDA allows a wider working range, while FA is useful within 
the more restricted boundary conditions of high-affinity inter- 
action and high expression level. — 

M in ia furization arid~uHTS capability 

In FIDA, fluorescence As dctcctcd.in a confocal volume ele- 
ment of about 1 fl. independent of the total assay volume. 
Therefore, the FIDA signal is insensitive to miniaturi7.ation 
- down to very low assay volumes. 6 "* This-is demonstrated in 
Figure 7A, which shows binding curves for TAMRA-IL-8/ 
IL-8-receptor measured in either 40- or 1-/1-1 sample volume 
yielding identical results. The LJL Acquest plate reader (which 
uses semi confocal optics ) is ca pable of measuring FA signals 
in volumes in the microliter range at nanomolar concentrations. 
As an example, binding of TAMRA-MCH to MCH receptor 
membranes was measured on the UL Acquest in an assay vol- 
ume of lO/il (Fig. 7B). The same samples as analyzed by FIDA 
(Fig. 7A) were also measured using FA in a 5- or 2-jil sample 
volume (Fig. 7C). The FA signal degraded when the assay vol- 
ume was reduced, demonstrating the limit of macroscopic de- 
tection used for FA measurements (as opposed to microscopic 
detection for the confocal FIDA readout). 8 

FA measurements can be performed with short integration 
times (e.g., 0.1 s) per well, allowing uHTS-compatible sample 
throughput (e.g., 100,000 wells/day). All FTDA data shown here 
were measured with 10 s read time/well. The read time for 
FIDA can be decreased to 2—4 s (depending on the particular 
receptor— ligand system), which allows for a throughput of 
1O.OOO-40.000 wells/24 h and per reader channel. Further in- 



crease of the throughput to meet uIITS demands will be 
"acHiev^-by : parallelization of the confocaFfeaclerrShbrter read 
times con also be achieved by employing two-color techniques 
where both binding partners (ligand and receptor or ligand 
and vesicle) arc fluorescently labeled. 8 - 23 ' 24 Therefore, uHTS- 
compatible throughput can be achieved by confocal detection 
methods" with the additional benefit of intrinsic miniaturizahil- 
ity and high information content as described above. 



CONCLUSIONS 

Homogeneous fluorescence-based assay formats for GPCR 
ligand binding have been demonstrated that are applicable to 
alMig and/rece p tor classes and that ha ve chara ct eristic s well 
suited to miniaturized uHTS applications. FIDA, based on con- 
focal detection of fluorescence fluctuations, has marked ad- 
vantages over the more conventional approach of FA, measured 
on a plate reader with macroscopic detection optics, particu- 
larly with respect to the requirements for receptor concentra- 
tion and Kd. In fact, FIDA appears to work best at modest re 
ceptor expression levels because of the need to delect free and 
bound ligand within the instrumental dynamic range. In coses 
where receptor expression is not limiting, we have shown that 
FA can be a useful technique, although requiring larger assay 
volumes. In addition, the definition of boundary conditions for 
cither technique with respect to Kdi receptor and ligand con- 
centration, and assay volume as shown here can improve pre- 
dictability of assay design and lower cycle times by establish- 
ing quantitative criteria for successful configuration of 
fluorescence-based GPCR Ligand binding assays. 
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